We demonstrate a two-color fiber-delivered picosecond source and its application to coherent Raman scattering imaging. The pump and the Stokes pulses are generated through nonlinear spectral compression and broadening in optical fibers, respectively. © 2010 Optical Society of America Recently we have demonstrated a new scheme for two-color, synchronized picosecond light sources for CRS imaging based on the time-lens concept [7] . This technique also benefits from robust all-fiber configuration and radio-frequency (RF) electronic tuning of pulse delay for the temporal overlap between the two pulse trains. Through nonlinear spectral compression of a prechirped femtosecond pulse, we further demonstrated a fiber delivered two-color picosecond source derived from a femtosecond pump instead of a picosecond pump [8] , thus expanding the options of sources for CRS imaging since femtosecond Ti:S lasers are much more common in research labs. However, the time-lens source still necessitates phase modulation with phase modulators for spectral broadening, which adds complexity and cost to the whole system. In this paper, we demonstrate a fiber delivered picosecond source through nonlinear spectral transformation. Specifically, the 2.7-ps pump pulse is generated through nonlinear spectral compression of a prechirped femtosecond pulse as mentioned in [8] , while the 1.9-ps Stokes pulse is generated through self-phase modulation (SPM) induced spectral broadening of a 55-ps pulse in 100-m single mode fiber (SMF), and subsequent temporal compression with an all-fiber compressor. This nonlinear scheme of spectral broadening replaces the phase modulators in the time-lens source, potentially reducing the cost of the source. The pump and the Stokes pulses are combined in a fiber wavelength division multiplexer (WDM), which also serves as the nonlinear medium for spectral compression of the femtosecond pump pulse. The resultant fiber delivered two-color source retains the advantage of automatic synchronization of the time-lens source [8] but requires no phase modulators. We further demonstrate its application to CARS imaging in mouse ear. In our experiment [ Fig. 1(a) ], the 90-fs 817-nm pump pulses are generated from a mode-locked femtosecond Ti:S laser. The prechirp is provided by a rotating cylindrical lens system in a 4f configuration, which provides
Fig. 1. (a)
The experimental setup of the fiber-delivered two-color picosecond source for CARS imaging. M: mirror, G: 1800 line/mm grating, L1: f=30 cm concave lens, CL: f=10 m concave cylindrical lens, BS: beam splitter, HWP: half-wave plate, QWP: quarter-wave plate, L2: aspheric lens, CFBG: chirped fiber Bragg grating, L3: collimating lens, LPF: 800 nm long pass filter, PC: polarization controller, BB: broadband, MZ: Mach-Zehnder intensity modulator (b) Measured 817-nm pump spectra from the WDM at linear propagation (dashed line) and maximum spectral compression (solid line). (c) The corresponding cross correlation trace between the 90-fs and the picosecond 817 nm pulses.
In our experiment [ Fig. 1(a) ], the 90-fs 817-nm pump pulses are generated from a mode-locked femtosecond Ti:S laser. The prechirp is provided by a rotating cylindrical lens system in a 4f configuration, which provides tunable negative group delay dispersion (GDD) from zero up to -1.4×10 5 fs 2 (details in [8] ). A half-wave plate and a quarter-wave plate are inserted before the coupling lens, to adjust the polarization of the output pump pulse after the fiber. To generate the 1064-nm Stokes pulse, a fast photodetector converts the 80-MHz pump pulse train into an RF pulse train, which is amplified and used to drive the Mach-Zehnder (MZ) intensity modulator. The intensity modulator carves a synchronized 80-MHz, 55-ps optical pulse train from a 1064-nm CW laser. The preamp and the power amplifier boost the energy of the optical pulse for nonlinear spectral broadening in 100-m standard single mode fiber (SSMF). The spectrally broadened 1064-nm pulse is then compressed with an all-fiber dispersion compressor consisting of a circulator and a chirped fiber Bragg grating. The fiber WDM serves three purposes: combining the pump and the Stokes beams spatially, nonlinear spectral compression of the pump, and fiber delivery. An in-line fiber polarization controller before the WDM adjusts the polarization of the 1064-nm output, ensuring that the Stokes pulse is linearly polarized and parallel to that of the pump to maximize the CARS signal. After collimation, both beams are sent into a microscope for CARS imaging.
First we characterize the 817-nm pump pulse. At maximum GDD and an output power of 145 mW from the WDM, the FWHM bandwidth of the pump spectrum is compressed to its minimum, from 7.4 nm to 0.72 nm [ Fig.  1(b) ]. We also measured cross correlation trace between the 90-fs 817-nm pulse and the spectrally compressed pump pulse through sum-frequency (SF) generation in a BBO crystal. The FWHM pulse width is 2.7 ps [ Fig. 1(c) ]. We characterize the 1064-nm Stokes pulse and the synchronization performance. As power increases, the 1064-nm spectrum continuously broadens due to SPM [ Fig. 2(a) ]. At the maximum output power of 186 mW from the WDM (820 mW output from the SMF), the measured bandwidth defined by the two outmost peaks indicated by the arrows [Fig. (2a) ] is 1.14 nm. We then measured the cross correlation between the 1064-nm Stokes pulse and the 90-fs 817-nm pulse directly from the Ti:S laser [ Fig. 2(b) ] and the 2.7-ps spectrally compressed 817-nm pump pulse [ Fig. 2(c) ], using SF generation in the BBO crystal. The relative delay between the pulses is readily scanned by tuning the electronic RF delay line. Figure 2(b) shows that the FWHM pulse width of the 1064-nm pulse is 1.9 ps. The FWHM of the cross correlation between the 1064-nm pulse and the 2.7-ps spectrally compressed 817-nm pulse is 3.3 ps. To measure the relative timing jitter between the pump and Stokes pulses, we record the SF intensity fluctuation at half maximum of the cross correlation trace [inset in Fig. 2(c) ]. The RMS timing jitter over a measurement time of 160 s is 180 fs, only a small fraction of the pulse widths. With this fiber delivered source, we perform CARS imaging of sebaceous glands at the CH 2 stretching frequency (2845 cm -1 ) in ex vivo mouse ear. Figure 2(d) highlights the practicality of the two-color, fiber-delivered picosecond source for CARS imaging.
In summary, we have demonstrated a fiber-delivered two-color, picosecond source for CARS imaging through nonlinear spectral transformation. The 2.7-ps 817-nm pump pulse is generated through nonlinear spectral compression of a prechirped femtosecond pulse, while the 1.9-ps 1064-nm Stokes pulse is generated through SPM-induced spectral broadening of a 55-ps pulse and subsequent compression. Mouse skin imaging at CH 2 stretching frequency is performed to demonstrate the practicality of this source.
